Abstract. Multidrug resistance P-glycoprotein (Pgp), coded by the multidrug resistance type I (MDR1/ABCB1) gene, is an energy-dependent efflux pump and functions in systemic detoxification processes. In the present study, the expression and development of Pgp were evaluated in the porcine oocyte during in vitro maturation to compare with the expression of Pgp in cultured granulosa cells. As revealed by Western blotting using anti-human Pgp antibody, a single band of Pgp with an apparent molecular size of 170 kDa was detected in the germinal vesicle stage oocytes. The surface of GV oocyte was positively labeled by immunostaining. In the second metaphase oocyte after culture in the maturation medium containing porcine follicular fluid and human chorionic gonadotropin, the level of Pgp was increased. The elevation of the oocyte Pgp level was associated with increased activity of rhodamine 6G efflux from the oocyte, and its efflux was suppressed by verapamil, an inhibitor of Pgp. Removal of porcine follicular fluid from the maturation medium resulted in little alteration of the oocyte Pgp level. Expression of Pgp was also elevated in cultured porcine granulosa cells during cell maturation when stimulated with follicle-stimulating hormone or luteinizing hormone for 24-48 h. Collectively, the present results indicate that the transporting activity of P-glycoprotein upregulates in porcine oocytes and granulosa cells during exposure to gonadotropins or prior to ovulation. Key words: MDR1, Oocyte maturation, P-glycoprotein, Rhodamine 6G efflux (J. Reprod. Dev. 57: [322][323][324][325][326] 2011) ultidrug resistance P-glycoprotein (Pgp), coded by the multidrug resistance type I (MDR1/ABCB1) gene in humans, is an energy-dependent efflux pump and belongs to the ATP-binding cassette (ABC) transporter superfamily [1] . In rodents, three genes, mdr1a, mdr1b and mdr2, are known [2], but only mdr1a and mdr1b are functional in cells, conferring multidrug resistance during cancer chemotherapy. Mice lacking mdr1a, mdr1b or both genes are very sensitive to digoxin and rhodamine due to their increased absorption and reduced elimination [3] . Pgp is expressed in a number of normal tissues, in which it functions in systemic detoxification processes [4] [5] [6] [7] [8] . A primary role of Pgp is to export hydrophobic compounds, lipids, conjugated organic anions and naturally occurring xenotoxins [9, 10] . On the other hand, Pgp is also associated with steroid hormone transport in the steroid-producing organs such as the ovary, testis, and adrenal gland. Steroid hormones including estradiol, cortisol, corticosterone and aldosterone have been identified as substrates for Pgp [11, 12] .
(J. Reprod. Dev. 57: 322-326, 2011) ultidrug resistance P-glycoprotein (Pgp), coded by the multidrug resistance type I (MDR1/ABCB1) gene in humans, is an energy-dependent efflux pump and belongs to the ATP-binding cassette (ABC) transporter superfamily [1] . In rodents, three genes, mdr1a, mdr1b and mdr2, are known [2] , but only mdr1a and mdr1b are functional in cells, conferring multidrug resistance during cancer chemotherapy. Mice lacking mdr1a, mdr1b or both genes are very sensitive to digoxin and rhodamine due to their increased absorption and reduced elimination [3] . Pgp is expressed in a number of normal tissues, in which it functions in systemic detoxification processes [4] [5] [6] [7] [8] . A primary role of Pgp is to export hydrophobic compounds, lipids, conjugated organic anions and naturally occurring xenotoxins [9, 10] . On the other hand, Pgp is also associated with steroid hormone transport in the steroid-producing organs such as the ovary, testis, and adrenal gland. Steroid hormones including estradiol, cortisol, corticosterone and aldosterone have been identified as substrates for Pgp [11, 12] .
In mammals, oocytes are controlled under paracrine factors produced by granulosa and cumulus cells during oocyte development. After ovulation, however, oocytes may develop the metabolic activity and the transporting activity of low molecular substances including naturally occurring xenotoxins. Trophoblasts express Pgp, which may block absorption of hydrophobic xenotoxins in the placenta [13] . Expression of Pgp in trophoblasts may indicate the development of a protection system during embryogenesis. In contrast, studies using testicular cells from various species reported that few MDR type I genes such as human MDR1 and mouse mdr1a and mdr1b are expressed in the mitotic and meiotic germ cells [14] . More recently, we detected the MDR1 transcript in the germinal vesicle (GV) and second metaphase (MII) oocytes and granulosa cells of porcine ovaries by RT-PCR analysis using primer sets based on the human gene [15, 16] . It would be of interest to investigate how a protection mechanism against influence of environment is constituted and developed in the germ cell and embryo. However, there is little literature concerning the development of a protection system in the oocyte and embryo.
The present study was performed to further investigate the development of Pgp expression and function in porcine oocytes and granulosa cells during their maturation. Here, we provide evidence that the expression and function of Pgp increase during maturation by using immunoblotting and immunofluorescence studies.
Materials and Methods

Chemicals
TCM 199 and penicillin-streptomycin solution were purchased from Invitrogen (Carlsbad, CA, USA); rhodamine 6G, verapamil and monoclonal anti-α-tubulin antibody DM1A were from SigmaAldrich (St Louis, MO, USA); anti-human Pgp antibody (H-241) was from Santa Cruz Biotechnology (Santa Cruz, CA, USA); peroxidase-conjugated secondary antibody was from Cell Signaling Technology (Beverly, MA, USA); human chorionic gonadotropin (hCG) was from ASKA Pharmaceutical (Tokyo, Japan); and ovine luteinizing hormone (LH, NIDDK-oLH-26) and follicle-stimulating hormone (FSH, NIDDK-oFSH-20) were kindly provided by Dr AF Parlow (Harbor-UCLA Medical Center, Torrance, CA, USA).
Oocyte collection and in vitro maturation (IVM)
Porcine oocytes were obtained from prepubertal gilts at a local slaughterhouse. Cumulus-oocyte complexes (COCs) were aspirated from antral follicles (3-6 mm in diameter) with an 18-G needle and then washed three times with IVM medium consisting of Hepes-buffered TCM 199 supplemented with 0.91 mM sodium pyruvate, 0.15 mM cysteamine, 10 IU/ml hCG, 10% porcine follicular fluid (pFF) and 1% penicillin-streptomycin solution [17] . Approximately 50 COCs with multilayered compact cumulus cells and evenly granulated cytoplasm were cultured for 44 h in 0.5 ml of the maturation medium in a four-well dish (Nunc) [18] . IVM was performed at 38.5 C in a humidified atmosphere of 95% air and 5% CO2. More than 90% of the oocytes were attained at the MII stage with the first polar body, and matured oocytes were used for analyses of rhodamine 6G efflux and Western blotting.
Granulosa cell culture
Porcine granulosa cells were prepared from prepubertal gilts as previously described [19, 20] with minor modifications. Briefly, medium sized (3-6 mm diameter) follicles were removed with forceps and scissors under microscopy, and granulosa cell layers were isolated from the follicles. The cell layers were dispersed in PBS by gentle pipetting, and the dispersed cells were filtered through a fine stainless steel mesh. Cells were cultured for 48 h in a humidified atmosphere of 95% air and 5% CO2 at 37 C and further treated with or without ovine LH and FSH (each 100 ng/ml) for the indicated times.
Western blotting
The GV stage oocytes freshly collected from ovaries, MII stage oocytes after IVM and cultured granulosa cells were washed twice in PBS, lysed in Laemmli sample buffer and then boiled for 3 min. Oocyte (equivalent to 10 or 20 oocytes) and cellular proteins were loaded for SDS-PAGE onto 10% polyacrylamide gels for immunodetection of Pgp and electrotransfered onto Immobilon-PVDF membrane (Millipore, Bedford, MA, USA). The membranes were blocked in TBSE (10 mM Tris-HCl [pH 7.5], 0.15 M NaCl, 1 mM EDTA, 0.05% Tween 20) including 10% nonfat dry milk and incubated at 4 C with primary antibodies, anti-Pgp antibody (1:400) and anti-α-tubulin antibody (1:3000). Thereafter, the membranes were incubated with a peroxidase-conjugated secondary antibody. After washing several times, the membranes were incubated with Lumi-GLO (Cell Signaling Technology) and exposed to BioMax MS films (Kodak, Tokyo, Japan) to visualize the bound proteins.
Immunofluorescence
Oocytes were freed of surrounding somatic cells by treating with 2 mg/ml hyaluronidase and gentle pipetting and washed with PBS containing 0.1% polyvinyl alcohol (PBS-PVA). They were soaked in PBS containing 2% formaldehyde for 30 min at 4 C, and washed with PBS-PVA. They were subsequently soaked in PBS containing 2.5% Tween 20 for 5 min and washed with PBS-PVA. The oocytes were then incubated for 20 h at 4 C with anti-Pgp antibody (1:100) and washed with PBS containing 0.5% Triton X-100 and 0.5% BSA. The primary antibody was deleted as negative control. After washing with PBS, they were incubated with the secondary antibody for 1 h. The oocytes were subsequently incubated in PBS for 1 h at room temperature and washed three times with PBS containing 0.5% Triton X-100 and 0.5% BSA. Then, immunostaining was detected under a fluorescence microscope (Nikon, Japan).
Efflux of rhodamine 6G from oocytes
Oocytes were denuded from COCs as described above and exposed to 2 μM rhodamine 6G for 1 h at 38.5 C with or without 10 μM verapamil, an inhibitor of Pgp that inhibits the rhodamine 6G efflux, as previously described [15] . The oocytes were rinsed with the maturation medium at 0 min and then incubated in rhodamine 6G-free medium with or without verapamil at 38.5 C. Red fluorescence produced by rhodamine 6G in oocytes was recorded under fluorescence microscopy at 5 min and 30 min. The fluorescent intensity was analyzed by using SCION Image (Scion Corporation, Frederick, MD, USA, http://www.scioncorp.com/).
Statistical analysis
Data were expressed as means ± SEM of at least three separate experiments, each performed with triplicate samples. One-way ANOVA was used to determine significant differences between groups followed by the Student's t test or Duncan's test using the SigmaPlot software (Ver. 11.2, Systat Software, San Jose, CA, USA). P values of <0.05 was considered statistically significant.
Results
Expression of Pgp in GV stage oocyte
Oocyte proteins prepared from antral follicles of porcine ovaries were analyzed by Western blotting using anti-Pgp antibody. As shown in Fig. 1A , a single band of Pgp Pgp-positive protein with an apparent molecular size of 170 kDa was detected. Immunofluorescence analysis using porcine GV oocytes was performed to evaluate expression of Pgp. The surface of GV oocytes was positively stained with anti-Pgp antibody (Fig. 1B-b) . No staining was observed in the negative control (Fig. 1B-c) .
Efflux activity of rhodamine 6G after oocyte maturation
The transporting activity of Pgp was investigated in immature and mature oocytes. An inhibitor of MDR1-type Pgp, verapamil, was tested to see whether the function of MDR1-type Pgp was inhibited in both oocytes. After loading rhodamine 6G into an oocyte, the rhodamine 6G efflux was recorded at 5 min and 30 min after loading. As shown in Fig. 2 , a drastic decrease in the fluorescent intensity was observed in both oocytes. However, the fluorescence was more decreased in mature oocytes compared with immature oocytes, showing a 65% decrease in MII vs. a 22% decrease in GV (Table 1 ). In the presence of 10 μM verapamil, the rhodamine 6G efflux from the GV and MII oocytes was completely inhibited, suggesting that the inhibitor blocked the activity of oocyte Pgp.
Upregulation of Pgp in MII oocytes
During in vitro oocyte maturation in the maturation medium containing 10% pFF, oocyte Pgp was determined by Western blotting. As shown in Fig. 3A , Pgp was significantly upregulated after oocyte maturation (P<0.05). Pgp was detectable using 10 oocytes. The effect of pFF on the Pgp level in the oocyte was investigated because the maturation medium contained 10% pFF. COCs were cultured either in the presence of 10% pFF or 1% BSA (instead of pFF), and oocyte proteins were subjected to Western blotting for Pgp. As shown in Fig. 3B , there was no significant difference in the level of Pgp between pFF-and BSA-treated oocytes.
Expression of Pgp in granulosa cells during stimulation with FSH and LH
To compare the level of Pgp during oocyte maturation, the expression of Pgp was investigated in cultured granulosa cells during stimulation with FSH and LH. The Pgp was also timedependently upregulated during stimulation with gonadotropins, showing 3-4-fold and 5-fold increases at 24 h and 48 h, respectively (Fig. 4) .
Discussion
Pgp is ubiquitously expressed in normal tissues including the kidney, liver, small and large intestines, brain, testes, adrenal glands, and pregnant uterus. In contrast, it is known that Pgp is not expressed in spermatocytes of several species including the rat [14, 21] , mouse, guinea pig and human [14] , whereas MDR1 transcript is detected in porcine oocytes by RT-PCR [22] . In our recent studies using RT-PCR with primer sets based on the human sequence [15] , it was found that MDR1 is expressed in the porcine oocyte at least through the period of the first meiotic stage and that the cDNA sequence of the porcine MDR1 RT-PCR product is highly homologous to the human cDNA at nucleotide positions 2282-2783. However, there is no literature concerning the expression of Pgp in the oocytes of mammals. Using immunoblotting and immunofluorescence analyses in the present study, we have clearly demonstrated the presence of Pgp in porcine oocytes at the GV and M-II stages.
A single band of Pgp with an apparent molecular size of 170-kDa was detected by Western blotting using a polyclonal antihuman Pgp antibody that is raised against a recombinant protein corresponding to amino acids 1040-1280 mapping at the carboxy terminus of human Pgp. The range of the carboxy terminus of mammalian Pgp is highly homologous; in particular, there is 92.1% homology for amino acids 1109-1222 of human (NP_000918) and porcine Pgp (AAW02918). The intensity of Pgp immunofluorescence was evenly observed in oocytes. Interestingly, oocyte Pgp levels significantly increased during in vitro oocyte maturation and were 1.5-2.0 times greater than that during the GV stage oocyte. The increased Pgp level was obviously accompanied by its activity. The uptake of rhodamine 6G into somatic cells is generally performed in the assay for Pgp function, but in the present study, Pgp function was determined as the efflux of rhodamine 6G from the oocyte, which was observed under fluorescence microscopy [15] . The loaded rhodamine 6G was removed slowly from the GV oocyte, whereas it was drastically decreased in the MII oocyte. In addition, its efflux was completely suppressed by verapamil, an inhibitor of Pgp that inhibits the efflux of rhodamine 6G in a competitive manner [23, 24] . Our findings are very similar to those of a recent report using the testes of several species [14] . High expression of Pgp in the ovaries, testes, adrenal glands, and reproductive organs suggests a function closely associated with steroid hormone transport. Steroids such as estrogen, cortisol, corticosterone and aldosterone have been identified as substrates for MDR1-type and mdr1-type Pgps [11, [25] [26] [27] . On the other hand, the organs with high expression of MDR1-type Pgp also play an important role in systemic detoxification processes [4] [5] [6] [7] [8] . Indeed, the intestine is the major site for the uptake of xenotoxic substances ingested via the diet. Similarly, the kidney and liver expel such substances into the urine and bile through Pgp [28] . Pgp is expressed on both the luminal and abluminal membranes of the testicular and ovarian endothelium and serves to expel its substrates from endothelial cells [29] and may in turn participate in the protection of germ cells in the organs. It is noteworthy that the expression and function of Pgp were increased during in vitro oocyte maturation. Pgp was also expressed in cultured granulosa cells upon stimulation with FSH or LH. These findings strongly suggest that the transporting activity of Pgp develops in the porcine oocyte and granulosa cells prior to ovulation.
The regulation of Pgp expression and function during oocyte maturation is still unknown. P4 produced by the granulosa cells of prepubertal rats induces the expression of Pgp in an autocrine manner [21] . Actually, the progesterone-responsive element (PRE) is located in the promoter region of the mdr1b gene [24] . During in vitro oocyte maturation, the oocyte could be affected through cumulus cells by gonadotropin stimulation, and as a result, production of P4 that may promote the expression of Pgp could occur. In contrast to somatic cells, however, the oocyte is transcriptionally inactive [30] . Furthermore, pFF did not contain effective substances for Pgp expression. Addition of steroid hormones such as progesterone, estradiol and testosterone had no effect on the expression of Pgp during oocyte maturation (unpublished observations). Collectively, an increase in oocyte Pgp may result from protein synthesis activation during in vitro maturation.
In conclusion, the present study provides evidence that MDR1-type Pgp is expressed in the porcine oocyte during in vitro maturation. It is suggested that the transporting activity of Pgp develops in porcine oocytes prior to ovulation.
